This version is available at https://strathprints.strath.ac.uk/52033/ Strathprints is designed to allow users to access the research output of the University of Strathclyde. Unless otherwise explicitly stated on the manuscript, Copyright © and Moral Rights for the papers on this site are retained by the individual authors and/or other copyright owners. Please check the manuscript for details of any other licences that may have been applied. You may not engage in further distribution of the material for any profitmaking activities or any commercial gain. You may freely distribute both the url (https://strathprints.strath.ac.uk/) and the content of this paper for research or private study, educational, or not-for-profit purposes without prior permission or charge.
Introduction
As highlighted by the recent publication of a book dedicated to the topic, [1] synergistic effects of bimetallic compounds (or reagents) are increasingly attracting the curiosity of chemists. What captivates their imagination in particular are examples where the combination of different metals and/or different ligands can cooperatively realize useful chemistry that is seemingly impossible for the individual metal-ligand species. Focusing on metallation (metal-hydrogen exchange) chemistry, approaching its 50th birthday, the Lochmann-Schlosser superbase, [2] [3] [4] [5] formulated as Bu n Li·Bu t OK, could be considered an early exemplar of a mixed-metal, mixed-ligand synergistic system as its reactivity generally cannot be matched by its individual alkyllithium or potassium alkoxide components. However, the timeline of such synergistic chemistry stretches back much further to the epochal 1858 discovery of the first alkali metal zincate [Na(ZnEt 3 )] by Wanklyn. [6] This follows since metallate (ate) complexes (e.g., magnesiates, zincates, aluminates) [7] [8] by their very definition must be synergistic species as they contain two (or more) distinct metals that in contacted ion pair structures would both be involved in the transition states of reaction intermediates or in solventseparated structures facilitate the charge separation by the alkali metal transferring its valence electron to the more electronegative softer metal (e.g., magnesium, zinc or aluminium). In principle, the neutral magnesium, zinc or aluminium components of these compounds, when separated from the alkali metal moieties, cannot reproduce these features (note, however, that homometallic lithium lithiates and potassium potassiates are known [9] [10] [11] [12] [13] ) and so are extremely weak bases generally incapable of deprotonating aromatic molecules. A recent example of a synergistic reaction that caught our eye was Strohmann's report [14] of the "sedated metallation" (that is to metallate the desired bond but also to stabilize the resulting carbanion) of the sensitive tertiary amine N,N-dimethylphenylethylamine, DMPEA (also called 2-phenylethyldimethylamine) by the modified Lochmann-well as ingredients found in chocolate. [20] Interestingly, whereas on its own Bu t Li failed to sedatively deprotonate DMPEA over a large temperature window instead producing the -elimination side product styrene, the synergistic system successfully yielded greater than 95% of the metallated intermediate, which in turn could be successfully intercepted by various electrophiles in yields ranging from 74-92%. Theoretical studies probing the energetics and mechanism of this low-temperature metallation reaction suggested that both lithium and potassium participate in the transition structure of the heterometallated intermediate of DMPEA with the decisive factor in its stabilization [i.e., having a higher energy barrier to -elimination than in the homometallated (via Bu t Li) analogue]
being the greater capacity of the large potassium cation for engaging in multihapto interactions with the negative charge delocalized over the aromatic system. In a recent perspective article [21] we explained how certain alkali-metal-mediated metallation (AMMM) reactions could be interpreted as more than just the exchange of a relatively inert C-H bond for a more reactive C-M(metal) bond by a synergistic multicomponent base containing an alkali metal and usually a less electropositive metal such as magnesium or zinc. The additional factor is that following the deprotonation, because the residue of the base contains a mixture of Lewis acidic and Lewis basic coordinating sites it can capture the whole deprotonated entity intact or some fragment of it. Spectacular examples of this "cleave and capture" reactivity have come with the oxygen heterocycle THF. Upon the synergistic cleavage of it by AMMZn through a mixed lithiumzinc system, [22] the sensitive -C 4 H 7 anion of THF has been captured and thereby stabilized, where usually it would spontaneously ring open to generate the enolate of acetaldehyde and ethene. [23] In contrast, ring opening of THF does occur upon cleavage by AMMMg through a synergistic sodiummagnesium system but in a remarkably different way, producing a trans-buta-1,3-diene dianion and an O 2-dianion, from a catastrophic cleavage of six of the thirteen bonds in THF. [24] Both anions are captured by mixed-metal base residues in separate crystalline complexes.
In this paper we put DMPEA under the cleave and capture chemistry spotlight. While our hope that the capturing/stabilizing capacity of mixed-metal ate systems might provide access for the first time to a -metallated derivative of DMPEA that could be isolated and crystallographically characterized was not realized, the study still produced a number of interesting results. These include most significantly the synthesis, isolation and spectroscopic/crystallographic characterization of an organometallic compound containing intact DMPEA as a ligand. Also reported are three distinct examples of AMMM reactions where the dimethylamino (Me 2 N) fragment of DMPEA has been captured by lithiumzinc, sodium-zinc or lithium-aluminium systems. Though the crystal structures of these three products of an -, Me 2 N-metal elimination bear a close resemblance to each other, the reactions producing them appear to be mechanistically distinct. Most intriguingly, as the zinc systems follow a zincate mechanism, one can be misled into thinking that the related aluminium system follows an aluminate mechanism, when in fact a sequential lithiation/in situ alkylaluminium trapping process is in operation.
Results and discussion
AMMM reactions with DMPEA and characterization of "captured products"
Due to the success of zincate (and aluminate -see below) systems in capturing and stabilizing the cyclic -C 4 H 7 anion of THF, we opened the study by reacting DMPEA with the sodium monoamido-bisalkylzincate [(TMEDA)Na(TMP)(Bu t )Zn(Bu t )] 1 and the related lithium
. Reagent 1 is a structurally well-defined crystalline compound [25] and efficient metallating (zincating) agent [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [most recently with Nheterocyclic carbenes (NHCs) [42] ] though it has occasionally also been utilized as a nucleophilic t-butyl source. [43] [44] Reagent 2 is a putative compound in that it has only been generated in situ by mixing LiTMP, Bu [45] [46] [47] [48] [49] which has been extensively studied. Our efforts focused on obtaining crystalline material suitable for X-ray crystallographic determination rather than refining reactions to get the best possible yields. While crystallization proved challenging and required prolonged storage of the reaction solutions over days, eventually both 1 and 2 afforded crystalline products from their reactions with DMPEA in [(TMEDA)Na(TMP)(NMe 2 )Zn(Bu t )] 3 and Table 2 in experimental section for crystallographic data). In the case of 4 orange crystals were grown from an orange oily mixture, though NMR spectra established the mixture contained mostly
NMe2 E THF, -60°C M = Li, K 4; whereas 3 exists as a colourless crystalline solid. The formulae of 3 and 4 reveal that -, Me 2 N-metal eliminations have taken place in both reactions with the Me 2 N fragment captured in their molecular structures (note that such reactions are sometimes referred to as 1,2-eliminations and as discussed by Schlosser are highly dependent on the stereochemistry of the components of the developing new metal product formed [50] [51] [52] comprising of the same amide bridges and one chelating (2xN coordinated) terminal TMEDA ligand. A search of the Cambridge Structural Database (CSD) [53] [54] (performed in December 2014, as were all the other searches mentioned in this article) returned only 4 hits for crystal structures containing a (NaNZnN) ring motif, namely [55] [(TMEDA)Na(NBu i 2 ) 2 Zn(Bu t )], [56] [(THF) 3 . [59] Significantly, however, in both these previously published structures the LiNMe 2 -Zn chain is not single stranded like that in 4, but both metal ends join up with another atom to form a four-membered ring. Another structure bearing more similarity to 4 is the diisopropylphenylamino derivative [(PMDETA)Li(NHDipp)Zn(Me) 2 ] [60] (Fig. 3) , which possesses terminal PMDETA·Li and Zn(Me) 2 groups but joined by primary amino bridge. . [59] Having two ligand bridges between the metal centres has a marked effect on the Li-NMe 2 -Zn angle. In single stranded 4 the angle is obtuse [110.63(13)°]; whereas the corresponding angles in these TMEDA-solvated structures are acute (mean angle 80°) in order to place the metals close enough to a second ligand bridge to close the 4-membered rings. Fig. 4 shows the molecular structure of aluminate 5 as determined by X-ray crystallography. A discrete contacted ionpair structure, 5 bears some resemblance to zincate 3 in being heterotrianionic and having a mixed amido ligand set (TMP and Me 2 N) bridging between the two metals. This bridging arrangement gives a four-membered (LiNAlN) ring. Completed by two terminal iso-butyl ligands, the aluminium atom occupies a distorted (2xN; 2xC) tetrahedral site (with a 4 value of 0.88). [52] The two bridging amides leave only one coordination site free for a THF molecule to complete the trigonal planar (2xN; 1xO) coordination of lithium. Aluminate 5 appears novel in the sense that it is only the second known structure containing the rare LiNAlN ring in which the two N atoms belong to different amido groups, as evidenced by a search of the CSD. Structures with the same two amido groups in a LiNAlN ring are known, the closest analogy being the bis- [61] which also has a terminal THF ligand datively bound to lithium. The lengths of both Al-N bonds in this homoamido structure 
Mechanistic Implications
From the formulae of the products 3 -5 and existing literature, interesting insights can be gained about the reactions that produced these new heterobimetallic compounds. As shown in Scheme 3, the sodium zincate starting material 1 loses one alkyl Bu t ligand that is replaced by the captured Me 2 N elimination fragment in generating product 3 with retention of the rest of the structure of 1 in 3. Though overall 1 has acted as an alkyl base with the ultimate formation of isobutane making the reaction irreversible, it is now accepted through a combination of theoretical [47] and experimental [68] studies that 1 performs zinc-hydrogen exchange reactions in two steps, firstly with TMP acting as a kinetic base to deprotonate the organic substrate and form amine TMP(H) co-product, which in the second thermodynamic step is deprotonated itself to regenerate TMP with release of isobutane (Scheme 3 shows this process for the conversion of 1 to 3). Accordingly, the final product 3 ends up as a heterotrianionic complex. Inspection of the conversion of 2 into 4 reveals a different scenario as the product 4 ends up a heterobianionic complex. In this conversion TMP executes the deprotonation of DMPEA to form TMP(H) in the first step at which point the process stops with final product 4 retaining the two t-butyl ligands of the starting material 2. Figure 5 ). The open chain arrangement within 4 is testimony to this steric restriction, whereas in both 1 and 3 the larger sodium cation only carries a terminal bidentate TMEDA which leaves room for bonding to two bridging ligands to close a 4-membered ring, so it is this steric deflation which allows TMP(H) to enter the coordination sphere of Na + in 1 and to then exchange with a Bu t ligand via hydrogen transfer.
Drawing on the precedent of these AMMZn (zinc-hydrogen exchange) reactions, the formation of aluminate 5 could be 6 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 2012
Scheme 3. Two-step mechanism for formation of 3 by 1 acting initially as an amido base but overall as an alkyl base. has previously been found to be an excellent deprotonating agent, cleaving an-hydrogen atom from both THF and thiophene and capturing/stabilizing their sensitive anionic rings intact, [71] regioselectively deprotonating haloanisoles without interfering with Cl, Br or I substituents, [72] and even abstracting a hydrogen atom from the relatively non-acidic methyl terminus of the tertiary diamine TMEDA. [73] However, while carrying out this present work, a parallel study [74] cross-examining previous data on " [ bases, not alkyl bases. An interesting point to note is that (Me 2 NLi) n on its own is probably polymeric given lithium's propensity for high aggregation when connected to such a small anion [78] [79] (though its crystal structure still remains elusive), but in this reaction it is never given the opportunity to aggregate which suggests the trans-metal-trapping step by the aluminium base residue occurs rapidly. 
Capture of the whole parent amine, DMPEA
Approaches for performing metallation for compounds related to DMPEA do exist whereby the nitrogen centre, otherwise capable of coordinating, is made inert and protected [for example, by using a pivaloyl (COBu t ) group] [51] , hence allowing benzylic metallation and subsequent electrophilic quenching (for example, with carbon dioxide) to be performed without any elimination competition. In the aforementioned Strohmann research, a potassium derivative of 2-N-methyl-1,2,3,4-tetrahydroisoquinoline, a relative of DMPEA where the tertiary amine residue resides in a ring, was synthesized and crystallographically characterized and shown to exist as a coordination polymer. However, thus far we have not managed the challenging feat of going one better by capturing a metallated derivative of DMPEA itself. That notwithstanding, as now discussed this study has been successful in unearthing a novel bimetallic complex containing intact DMPEA, that is, Completing the NMR analysis, the 7 Li NMR spectrum showed a single sharp resonance at 1.89 ppm indicating only one lithium environment. These data pointed to the amine molecule interacting with the bimetallic reagent in some way, but without deprotonation having occurred, as its PhCH 2 atoms were still present. The most obvious explanation for this was a Lewis acid -Lewis base reaction between the two reagents, where the nitrogen atom of the amine coordinates datively to the Li centre. Implying that the amine part of DMPEA is the "business end" of the molecule, the shift experienced (from those in free DMPEA) by the NMe 2 hydrogen atoms is greatest (0.2 ppm) in comparison to the shift of the remote aryl group hydrogen atoms (only 0.05 ppm), though in both cases the shift differences are rather small. In view of these interesting NMR findings we repeated this reaction a number of times until we eventually managed to coax X-ray quality crystals of 6 from the reaction solution (isolated yield, 70%). Fig. 6 displays its molecular structure from two different perspectives. A key feature of this contacted LiTMPZnMe 2 ion-pair structure is the central four-membered, fourelement (LiNZnC) ring. Such rings are commonly found in alkali metal zincate chemistry, [80] [81] [59] However, in 6 the novel feature is the fact that a fully intact DMPEA molecule forms a Lewis acid -Lewis base complex with the ion pair through the Li centre. The three-coordinate lithium occupies a distorted (2xN; 1xC) trigonal planar site consisting of two N atoms, one from the TMP bridge and the other from the neutral DMPEA molecule, and a C atom provided by the bridging Me group of Me 2 Zn. Zn also has a three-coordinate, distorted trigonal planar (1xN; 2xC) geometry, which is completed by a terminal Me ligand. The bridging Me group, the carbon atom of which (C11) Comparing the Li1-C11 bond length in 6 [2.248(4) Å] with the Li-C bond lengths in methyllithium (2.31 ± 0.05 Å) [83] [84] highlights that within experimental error the bond lengths are similar, in agreement with the Me group in 6 forming an electron deficient bond to the Li centre. However, when compared with bonds lengths in monomeric Me 2 Zn, [85] the CZn bonds are shorter by 0.133 Å than that of the Zn1-C11 bond in 6, as would be expected given the linearity of Me 2 Zn and the lower coordination number of its zinc centre (i.e., CN = 2 versus 3). Donor-acceptor complex 6 was also analyzed by a combination of 1 H, 13 C and 7 Li NMR spectroscopy in the deuterated arene solvents benzene and toluene, as well as in the aliphatic hydrocarbon cyclohexane. In its 1 H NMR spectrum in C 6 D 6 solution, the TMP methyl groups appear as two separate resonances (at 1.08 and 1.46 ppm), confirming a difference in the surrounding chemical environment for the two sets of methyl groups (note that the and protons are each also split into separate resonances). That notwithstanding, in disagreement with the molecular structure is the single resonance (at -0.24 ppm) obtained for both methyl groups present on the zinc atom. While in the crystal the interaction between Li and the Me bridge would cause an inequivalence between the methyl groups bound to zinc, in solution at room temperature there appears to be free rotation about the Zn-N(TMP) axis resulting in both groups on average experiencing the same chemical environment. This was confirmed by a variable-temperature NMR study. On decreasing the temperature from 300 K to 210 K the single resonance for the Me groups splits into two separate resonances (Figure 8 ), consistent with a 'freezing out' of the structure in solution whereby the two Me groups now sit in different environments consistent with the solid state picture established by the X-ray crystallographic studies. The ambient temperature 13 C NMR spectrum similarly shows two distinct Me TMP resonances (located at 31.5 and 36.7 ppm) whilst only the one for those attached to zinc (located at -6.5 ppm). Though seen at different chemical shifts, the same pattern is observed for resonances of 6 in both deuterated cyclohexane and toluene solutions (see supporting information). 
Is [DMPEA·Li(TMP)Zn(Me) 2 ] a pre-metallation complex?
For donor-acceptor complex 6 to be considered a bona fide "pre-metallation complex", metallation has to be achievable after the coordination of DMPEA to the bimetallic reagent. To ascertain if this was possible, crystals of 6 were dissolved in hexane solution and heated to reflux for eight hours. After this time, an aliquot of the solution was analyzed by 1 
Experimental General Methods
All reactions and manipulations were carried out under a protective dry pure argon atmosphere using standard Schlenk techniques. Products were isolated and NMR samples prepared within an argon-filled glovebox. Hexane was dried by heating to reflux over sodium-benzophenone and distilled under nitrogen prior to use. Bu n Li (1.6 M in hexanes), ZnMe 2 (1.0 M in heptane) and Bu i 2 AlCl were purchased from Aldrich and used as received. TMP(H) was obtained from Aldrich and dried over 4 Å molecular sieves prior to use. TMEDA, PMDETA and DMPEA were distilled over CaH 2 and stored over 4 Å molecular sieves prior to use. ZnCl 2 was purchased from Aldrich and dried under vacuum prior to use. ZnBu t 2 was prepared and isolated according to a standard literature procedure. [25] Zn(TMP) 2 was prepared and isolated according to a modified literature method (see supporting information). [87] NMR spectra were recorded on a Bruker AVANCE 400 NMR spectrometer, operating at 400.13 MHZ for 1 H, 155.50 MHz for 7 Li and 100.62 MHz for 13 C. All 13 C NMR spectra were proton decoupled. 1 H and 13 C spectra were referenced to the appropriate solvent signal and 7 Li NMR spectra were referenced against LiCl in D 2 O at 0.00 ppm. Note that despite repeated attempts the elemental analyses (C, H, N) determined for the NMe 2 -containing complexes 3-5 proved inconsistent. In the case of 4 this was due presumably to the presence of an unidentified oily impurity. Complex 6 on the other hand gave a satisfactory analysis. These were all carried out on a PerkinElmer 2400 elemental analyser.
Crystal structure determinations
Crystallographic data were collected at 123(2) K on Oxford Diffraction Diffractometers with Mo K ( =0.7107γ Å) or Cu K ( =1.54180 Å) radiation. Structures were solved using SHELXS-97, and refined to convergence on F 2 against all independent reflections by the full-matrix least-squares method using the SHELXL-97 program. [88] Raw data for complex 6 was processed as twinned to give a hklf 5 formatted file. Twin matrix used was -1 0 0 0 -1 0 0.73 0 1. The contribution of the second crystal (as BASF) was refined to 0.2911 (8) . Using the data processed in this manner gave improvements to the model in terms of R factors and residual Q peaks (when compared to a refinement with hklf 4 formatted data and no twin processing [71] N,Ndimethylphenylethylamine (0.17 mL, 1 mmol) was then added and the reaction mixture allowed to stir for 10 minutes. The solution was then concentrated to half the volume by removing some solvent in vacuo and the flask transferred to the freezer (at -69°C). A crop of colourless crystals of 5 was deposited after a few weeks storage (0.07 g, 16% yield). 1 
Conclusions
This study has extended the idea of cleave and capture chemistry to the important bio-relevant scaffold DMPEA. 
